Conclusion-These results suggest that a history of febrile seizures is associated with the finding of a smaller hippocampus on the side ipsilateral to the subsequent temporal lobe focus whereas chronic factors seem to be be related to pathology contralateral to the seizure focus.
An accumulation of clinical evidence has indicated that optimal results from surgery for epilepsy are obtained in patients with neuronal loss and gliosis in tissue resected from the mesial temporal lobe. This pathology, variably labelled as mesial temporal or hippocampal sclerosis, is estimated to occur in 65% of the patients who undergo anterior temporal lobe resection. 1 Despite its diagnostic importance, the aetiology and clinical correlates of hippocampal sclerosis remain poorly understood. Several investigators have reported a link between the presence of hippocampal sclerosis in adults and an early history of febrile seizures, although the causal nature of this relation remains unclear. [2] [3] [4] [5] [6] It has not been determined whether hippocampal sclerosis is a direct result of febrile seizures or whether it is a cumulative eVect of chronic seizures occurring throughout the lifespan. The question of whether hippocampal sclerosis is the "cause" or "eVect" of seizures remains a controversial issue in epilepsy research. 7 8 Previous investigations on the clinical correlates of hippocampal sclerosis have been limited to analyses of postsurgical or postmortem specimens. 4 6 9 10 Numerous technological developments have now made it possible to detect pathological changes associated with hippocampal sclerosis in vivo using advanced neuroimaging techniques. Magnetic resonance imaging is now used routinely in clinical settings to identify abnormal T2 signals or hippocampal atrophy that often signify hippocampal sclerosis. 11 Research in this area has grown appreciably with the development of computer assisted morphometric techniques to provide reliable quantitative indices of hippocampal volume. Numerous studies using these methods have shown that lateralised EEG foci are accompanied by ipsilateral reductions in hippocampal volume. [12] [13] [14] [15] Relations between hippocampal volume and pathology, surgical outcome, and memory performance have also been examined. [16] [17] [18] The largest unilateral reductions have been found in patients with a history of early onset seizures. 19 20 The purpose of this investigation was to examine whether bilateral reductions in hippocampal volume may be associated with a history of febrile seizures.
Methods

SUBJECTS
Brain MR scans from 52 patients with focal temporal lobe seizures were selected from a consecutive series of 95 patients undergoing inpatient admissions for evaluation of intractable epilepsy. All 52 patients showed evidence of complex partial seizures of temporal lobe origin on combined EEG and video recordings during inpatient continuous intensive monitoring with surface and sphenoidal electrodes. 21 EEG recordings with subdural or depth electrodes were used for localisation in a minority of cases. The 43 patients who were not selected for this study failed to meet these EEG criteria. Scans from seven of the 52 patients exhibited space occupying lesions on standard T2 clinical sequences. Those seven patients were also excluded from further analysis. A scan from one additional patient was excluded as a result of appreciable movement artifact.
The final sample consisted of 44 patients (22 men; 22 women) with a mean age of 33.0 (range 16-52) years. A total of 37 patients showed ictal and interictal EEG evidence of seizures originating from a unilateral temporal lobe focus (22 left temporal, 15 right temporal). The remaining seven patients showed EEG evidence of seizures originating independently from both temporal lobes.
Information regarding seizure history was obtained by more than one examiner and was confirmed from available medical records and at least one parent or family member. Age at first seizure was defined as the patient's first afebrile seizure. Onset of chronic seizures was defined as the age at which these seizures began to recur on a regular basis. A total of 21 patients (48%) were found to have a history of febrile seizures, defined as seizures occurring during a pyrexial illness between the ages of 3 months and 5 years. 22 Mean age at the occurrence of the initial febrile seizure was 13.6 (range 3-36) months. At least eight of these patients had symptoms meeting criteria for "complex" febrile seizures and five met criteria for "simple" febrile seizures. 23 The remaining eight patients clearly had febrile seizures, although similar to other studies, reliable information regarding complex symptoms was unavailable.
A sample of 34 healthy subjects (18 men: 16 women) served as a normal control group. This group comprised a combination of hospital employee volunteers and subjects from a paid subject pool. All normal control subjects were screened for history of neurological disturbance including seizures. The mean age of the normal control group was 30.9 (range 17-48) years. The patient and normal control groups did not diVer significantly in mean age or in sex distribution.
IMAGE ACQUISITION
Brain MRI was performed on a 1.0 Tesla whole body MR system (Siemens, Magnetom; Erlangen, FRG). The imaging protocol included a series of standard SE sequences in the axial and coronal orientations for clinical evaluation of neuropathological abnormalities. Additional coronal slices were collected perpendicular to the orbitomeatal line using a FLASH sequence with 40 ms/15 ms/1 (TR/TE/Excitation), matrix size of 256×256, field of view of 300 mm, and 50°flip angle. This sequence provides 63 contiguous slices through the whole head with 3.1 mm thickness in 11 minutes. The hippocampus was visualised for morphometric analysis on eight to 10 of these coronal slices.
COMPUTERISED MENSURATION All images were transferred from a VAX 11/750 to a SUN 3-160 workstation (Sun Microsystems, Mountainview, CA, USA) via magnetic tapes for oZine computerised mensuration. Measurements of hippocampal volume were performed with a menu driven semiautomated computer mensuration system (Ektron Applied Imaging, Burlington, MA, USA). Hippocampal measurements were performed by manually tracing the outline of the structure with a mouse by depositing points along the border separating the hippocampus from surrounding tissue. The slice volume was calculated by multiplying the area by the slice thickness (3.1 mm) and the total hippocampal volume was calculated by summing the volumes of the contiguous slices.
Measures of hippocampal volume included the cornu ammonis, alveus, dentate gyrus, and subiculum. The border between the subiculum and the parahippocampal gyrus was defined as the most medial extent of the junction of the subiculum and parahippocampal gyrus. This border was delineated by extending a horizontal line through the medial pole of the temporal cortex. The anterior and posterior borders of the hippocampus were defined by invariant anatomical landmarks. All measurements began posteriorly at the level where the pulvinar is visualised and where the ascending fornix is first interrupted by the coronal sections. The anterior border of the hippocampus was defined as the slice caudal to the mammillary body. Measurements terminated at that point as it is diYcult to diVerentiate the hippocampus from the amygdala in more anterior sections using FLASH MRI. The total hippocampal volume used in this study thus included about 80% of the total hippocampal formation. More detailed descriptions of these delineation criteria are provided in previous reports. 24 25 All hippocampal volumes were measured by the same rater (MA) under blind conditions. The validity and reliability of the computer mensuration system and delineation criteria have been described. 24 Previous analyses have disclosed an average measurement error of 2.5% between hippocampal volumes measured in MRI sections and those measured in postmortem sections with identical anatomical delineation criteria used in both samples. 13 
STATISTICAL ANALYSIS
Demographic variables were analysed with separate t tests. Analyses of morphometric data were conducted on raw volumes. The eVects of sex and height were examined as attempts at partial corrections for the eVects of brain and body size. DiVerences between patient groups (left temporal v right temporal v MRI controls), sex diVerences, and diVerences between hippocampal volumes (left hippocampus v right hippocampus) were tested by multivariate analysis of variance (MANOVA) using hippocampal volumes as repeated within subject dependent variable. 26 The MANOVA is an analysis using multiple dependent variables that oVers the advantage of analysing all effects simultaneously while reducing the probability of obtaining chance results from conducting multiple separate analyses (type I experimental error). Post hoc analyses with independent t tests were conducted on variables showing significant main eVects. Additional analyses were conducted using height as a covariate. The relations between hippocampal volume and seizure variables were examined with Pearson correlation coeYcients. Two tailed tests with an level of 0.05 were used in all analyses.
Results
The major result was that patients with a history of febrile seizures exhibited bilateral reductions in hippocampal volume when compared with other patients and controls. This finding was not the result of the unequal distribution of men and women among the groups. The greatest degree of volume reduction was found ipsilateral to the EEG seizure focus. These reductions were unrelated to seizure variables such as duration of epilepsy or frequency of seizures. A lesser degree of volume reduction was found in the hippocampus contralateral to the focus. These contralateral reductions were correlated with seizure frequency. Table 1 shows the group means (SD) of demographic and seizure variables for patients with a history of febrile seizures (Feb+) and those without febrile seizures (Feb−). The groups diVered significantly in sex distribution ( 2 =7.4, P<0.01). Most of the Feb+ group were women (15 of 21) but this trend was reversed in the Feb− group (seven of 23). Subject height was used as a gross index to examine the possibility of diVerences in hippocampal volume resulting from group diVerences in body size. Comparisons of height showed that, despite the significant sex eVect, no significant systematic diVerences were found between the two groups. The Feb+ group was significantly younger than the Feb-group (t=2.41, P<0.02). No group diVerences were found in mean intellectual functioning.
GROUP DIFFERENCES IN DEMOGRAPHIC AND SEIZURE VARIABLES
The Feb+ group's mean age at first febrile seizure was 13.6 (range 3-36) months. The Feb− group's mean age at the time of their first non-febrile seizure ever was 14.7 (range 1-50) years. The Feb+ group showed an earlier age at onset of chronic seizures, defined as the age when they began to experience seizures on a regular basis (t=2.53, P<0.02). There were no significant diVerences in the groups' mean duration of chronic epilepsy (current age minus age at onset of chronic seizures) as a result of the Feb+ patients' younger age at the time of this study. Further analyses disclosed that the groups were matched in recent seizure frequency and in the percentage of patients with complex partial seizures evolving to secondary generalised seizures. The percentage of patients with seizures originating from the left temporal lobe, right temporal lobe, or bitemporal regions was equivalent in the two groups.
GROUP DIFFERENCES IN RIGHT AND LEFT
HIPPOCAMPAL VOLUME Table 2 shows the mean left and right hippocampal volumes for men and women from the Feb+, Feb−, and normal control groups. Group diVerences among these variables were assessed by MANOVA examining the eVects of group, sex, and cerebral hemisphere. Sex was included as a factor to control for group diVerences that may be attributed to the unequal sex distributions in the Feb+ and Feb-groups. Significant results were limited to diVerences between groups ( Feb+ v Feb− v normal control, F=15.8, P<0.001). There were no significant main eVects or interaction eVects involving diVerences between men and women or diVerences between the left and right hippocampi. The three way interaction between group, sex, and diVerences between left and right hippocampal volume was non-significant. The pattern of results did not change when height was used as a covariate. The lack of findings related to sex or height suggest that the current results are not a result of uncontrolled diVerences in sex or body size that may influence hippocampal volume measures.
Post hoc comparisons of group means disclosed that the significant group eVect was The relation between hippocampal volume and the side of the seizure focus was examined in a subsample of 37 patients with documented unilateral temporal lobe seizures. The right hippocampus was labelled as "ipsilateral" and the left hippocampus was labelled as "contralateral" in the 15 patients with right temporal lobe seizures. Conversely, the left hippocampus was labelled as "ipsilateral" and the right hippocampus was labelled as "contralateral" in the 22 patients with left temporal lobe seizures. Volumes from patients with right temporal lobe seizures and those with left temporal lobe seizures were combined for all analyses. The figure shows the mean ipsilateral and contralateral hippocampal volumes for the Feb+ and Feb− groups. These volumes were analysed by MANOVA using left and right hippocampi as the within subject dependent variables and group and sex as independent variables. The results of this analysis showed a significant main eVect for group (Feb+ v Feb-: F=15.5, P<0.001). Significant diVerences between the ipsilateral and contralateral hippocampi (F=37.7, P<0.001) and a significant interaction between group (Feb+ v Feb−) and hippocampus (ipsilateral v contralateral) were also found (F=5.7, P<0.01). There were no significant main or interaction eVects involving sex.
The results of post hoc t tests showed lower mean ipsilateral and contralateral hippocampal volumes in the Feb+ group (ipsilateral t=3.8, P<0.001; contralateral t=2.8, P<0.008). In comparison with controls, the Feb+ group exhibited mean volume reductions of the order of 30% on the side ipsilateral to the seizure focus and 15% on the side contralateral to the seizure focus. The mean contralateral hippocampal volume in the Feb− group was comparable with the total mean hippocampal volume from the normal control group (Feb− group mean 2454.1 (SD 466.5); normal control mean 2583.1 (SD 425.1). Within subject diVerences in hippocampal volume were examined with paired t tests. The Feb+ group showed significant diVerences between the ipsilateral and contralateral hippocampus (t = 4.29, P<0.001). These diVerences were not significant in the Feb− group (t=1.55, NS). Table 3 shows the number of patients exhibiting reductions in hippocampal volume. For clinical purposes, a significant reduction was defined as a volume with a value>2 SD below the control group mean. This conservative criterion is comparable with what is typically used to identify surgical candidates with unilateral volume reductions. 12 All calculations were computed separately for males and females. A total of 12 of 18 patients from the Feb+ group showed significant reductions ipsilateral to the identified seizure focus. By contrast, only four of 19 patients from the Feb− group showed evidence of ipsilateral reductions in hippocampal volume ( 2 =7.8, P<0.01). Significant bilateral reductions were found in only one of the 21 patients from the Feb+ group. One of the 23 patients from the Feb− group showed a significant reduction in contralateral hippocampal volume. Only one of the 34 control subjects was identified as having any type of significant volume reduction.
RELATIONS BETWEEN HIPPOCAMPAL VOLUMES AND AGE AND SEIZURE VARIABLES
The relations among hippocampal volumes and age and seizure variables were examined with Pearson's correlations. Table 4 shows the correlation coeYcients for the Feb+ and Feb− groups. There were no significant correlations between hippocampal volumes and age, age of onset of afebrile seizures, or duration of chronic epilepsy. There was no relation between estimated seizure frequency and ipsilateral hippocampal volume. There was a significant correlation between estimated seizure frequency and contralateral hippocampal volume in the Feb+ group (r=−0.45, P<0.05), but not in the Feb− group.
Discussion
The results of this study indicate that adults with temporal lobe epilepsy and a history of febrile seizures tend to show significant reductions in hippocampal volume, both ipsilateral and contralateral to the EEG seizure focus. These reductions were found in comparison with measurements from healthy controls and patients with epilepsy and no history of febrile seizures. Patients with a history of febrile Reductions in hippocampal volume ipsilateral to the seizure focus have been described in diVerent samples with various MRI methods.
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Our results are consistent with the results of other studies indicating that the greatest degree of volume reduction is seen in patients with a history of early onset seizures. 19 20 The current findings do not seem to be the result of uncontrolled diVerences in age, sex distribution, duration of epilepsy, or seizure control but are rather a result of some factor that is related to having febrile seizures in early childhood. Neuropathological correlates of reduced hippocampal volumes have been examined by several authors. 17 18 27 Results from these studies have confirmed that large unilateral volume reductions are associated with a pathological diagnosis of hippocampal sclerosis. However, it has also been shown that pathologically verified hippocampal sclerosis may exist without any evidence of any hippocampal atrophy when measured visually or with computerised measurement techniques. 28 Most of the current methods for examining brain morphology in patients with chronic temporal lobe seizures (for example, histopathology or MR morphometry) emphasise the identification of unilateral neuronal loss or reduction in hippocampal volume ipsilateral to the EEG focus or side of surgery. 12 15 Interest in the hippocampus contralateral to the EEG focus has been minimal. The findings from the current study indicate that large (about 30%) reductions in hippocampal volume ipsilateral to the EEG focus are often accompanied by lesser (about 15%) reductions in the volume of the hippocampus contralateral to the seizure focus. This pattern of reductions was observed in most (67%) of our patients with a history of febrile seizures and in less than one quarter (21%) of our patients with no history of febrile seizures. The results of this study are similar to descriptions of a "diVuse" pattern of hippocampal volume loss in a recent MRI study of 20 patients with a history of febrile seizures. 20 The frequency of bilateral reductions in volume in both of these samples is comparable with the frequencies of bilateral asymmetric hippocampal pathology that have been reported in postmortem samples. 4 9 29 The clinical significance of bilateral versus unilateral reductions in hippocampal volume remains to be determined. The current results suggest a link between bilateral pathology and febrile seizures, although it is clear that this relation is not seen in the entire sample. It is likely that many other aetiological factors play a part in the development of hippocampal sclerosis. Bilateral hippocampal volume loss has been reported in other samples, and are not always linked with a history of febrile seizures. 30 31 Free et al found bilateral volume reductions in 75% of their patients with a history of meningitis or encephalitis. 31 The extent of bilateral reductions exceeded those in patients with a history of febrile seizures. The inconsistencies in the rates of bilateral volume reductions between these studies may be the result of diVerences in the composition of the samples or in the methods used to obtain and process the morphometric data.
The coexistence of large volume reductions ipsilateral to the seizure focus with lesser reductions contralateral to the focus in some patients raises the possibility that temporal lobe seizures may result in two distinct neuropathological processes. In 1966, Margerison and Corsellis made a distinction between pathology attributed to "classic" Ammon's horn sclerosis and pathology characterised as "end-folium" sclerosis. 4 whereas the first traditionally involves hippocampal field CA1, the second is defined as "cell loss and gliosis confined essentially to the end folium". In their postmortem study of 55 cases, unilateral Ammon's horn sclerosis was identified in 18. A total of eight (44%) of these cases had neuronal loss in the end folium on the opposite side. Cases with a diagnosis of Ammon's horn sclerosis were found to have the earliest age of onset. There were similar findings in a subsequent quantitative neuropathological study on surgical specimens by Sagar and Oxbury. 6 These authors found that neuronal counts from hippocampal zone H1 (CA1), the end folium, and the dentate gyrus were reduced significantly in patients with a history of early onset seizures. A pattern described as "non-specific hippocampal sclerosis", consisting of moderate cell loss in H1 and the end folium, was found in patients with a long history of chronic seizures, but no history of early convulsions. The relation between chronic epilepsy and febrile seizures is obviously complex since there is no simple one to one correspondence between the two phenomena. Most children who experience febrile seizures never develop chronic seizures. 23 However, a history of febrile seizures is present in many adults with temporal lobe epilepsy who have such severe seizures that they are being considered for surgery. 32 33 A relation between febrile seizures and hippocampal pathology has been proposed on numerous occasions, but the mechanisms underlying the relation remain unclear. 3 5 34 35 Bratz and Sommer initially concluded that hippocampal sclerosis must play an important pathogenetic part in seizures. 36 37 Some authors have argued that hippocampal sclerosis is a result of vascular or anoxic damage resulting from seizures or related to factors occurring at the time of birth. [38] [39] [40] Others have hypothesised that it may be the result of prenatal factors that increase the risk of developing febrile seizures and subsequent hippocampal damage. 20 41 The debate is complicated further by the results of the experimental animal literature. Although it is clear that immature animals exhibit a lower threshold for evocation of seizures through mechanisms such as kindling or drug administration, [42] [43] [44] these animals are also more resistant to the development of acute hippocampal pathology. 44 45 Findings from this study indicate that patients with a history of febrile seizures exhibit large hippocampal volume reductions ipsilateral to the seizure focus that are independent of variables such as duration and seizure frequency. These same patients also exhibit a lesser degree of volume reductions contralateral to the seizure focus. These contralateral reductions in hippocampal volume correlate significantly with increasing seizure frequency. The pattern of findings are consistent with the description of two forms of hippocampal sclerosis proposed by Margerison and Corsellis. 4 It is possible that the large reductions in ipsilateral volume typically identified through MR morphometry may be a consequence of an early pathological insult such as febrile seizures, whereas the lesser reductions on the contralateral side are the result of pathological eVects induced by chronic seizures. Significant neuropathological changes, such as those associated with Ammon's horn sclerosis, may thus be the result of febrile seizures whereas less severe pathological changes, such as those seen in end folium sclerosis, may be the cumulative result of chronic recurrent seizures. Although the mechanisms underlying the relation between Ammon's horn sclerosis and febrile seizures remain unclear, there is evidence to suggest that status epilepticus or hyperthermic seizures during development produce hippocampal pathology that may or may not be apparent until maturity. 46 47 There is also evidence that experimentally induced seizures result in a neuropathological condition resembling end folium sclerosis. [48] [49] [50] It is thus conceivable that hippocampal sclerosis may be both a cause (Ammon's horn sclerosis) and an eVect (end folium sclerosis) of chronic temporal lobe seizures.
This study provides additional findings that patients with chronic temporal lobe seizures, hippocampal reductions ipsilateral to the EEG focus, and a history of febrile seizures constitute a distinct diagnostic subgroup. 51 Future MR studies may examine whether patients with bilateral interictal epileptiform phenomena and seizures arising independently from both temporal lobes exhibit greater reductions in bilateral hippocampal volume. It is important to note that the link between febrile seizures and hippocampal sclerosis has been established retrospectively in this study as well as in many others. The relation between hippocampal volume and simple versus complex febrile seizures should be examined in the future. Prospective longitudinal MR volumetric assessments of children who experience febrile seizures may provide important information for factoring out other genetic and environmental factors that make a person susceptible to developing neuropathological changes after febrile seizures. 
